Introduction
Fish possess elaborate humoral factors in their innate immune system to protect themselves against infectious agents (Ellis 2001) . Their body surface is covered with a mucus layer that has a dual functional hostdefense strategy based on both physical and physiological mechanisms. The former mechanism withstands colonization of bacteria by the viscosity. The latter prevents invasion of pathogens by a variety of biologically active substances, such as complements, C-reactive protein, hemolysin, immunoglobulins, lectins, protease inhibitors and lytic enzymes including lysozyme and alkaline phosphatase (Magnadòttir 2006) . Among them, antimicrobial agents are most likely to play an important role in frontline defense of fish, because fish inhabit an aquatic environment which is rich in pathogenic microorganisms. bacterial agents and have been found in fish skin mucus; parasin I (N-terminus of histone H2A, a 19-residue peptide) from catfish Parasilurus asotus (Park et al. 1998) , histone H2B-like protein from channel catfish Ictalurus punctatus (Robinette et al. 1998) , histone H2A and oncorhycin II (histone H1 C-terminal fragment, a 69-residue peptide) from rainbow trout Oncorhynchus mykiss (Fernandes et al. , 2004 Noga et al. 2011) , hipposin (histone H2A fragment, a 51-residue peptide) from Atlantic halibut Hippoglossus hippoglossus (Birkemo et al. 2003) , histone H2B from Atlantic cod Gadus morhua (Bergsson et al. 2005) , and SAMP H1 (N-terminus of histone H1, a 30-residue peptide) from Atlantic salmon Salmo salar (Lüders et al. 2005) . Moreover, antibacterial peptides derived from ribosomal and chromosomal proteins have been reported in the skin secretions of rainbow trout and Atlantic cod Fernandes et al. 2003; Bergsson et al. 2005) .
b-Defensins (30 to 45-residue positive-charged peptides that have 6 to 8 conserved cysteine residues to form disulfide linkages) were added as a new type of antibacterial peptide in the fish epidermis. Since bdefensin gene sequence was first found from the genome sequence database of zebrafish Danio rerio, green-spotted pufferfish Tetraodon nigroviridis and tiger pufferfish Takifugu rubripes (Zou et al. 2007) , the antibacterial activity of fish b-defensin was reported in several fishes including rainbow trout, gillhead seabream Sparus aurata, common carp Cyprinus carpio, Atlantic cod and Chinese loach Paramisgurnus dabryanus (Casadei et al. 2009; Cuesta et al. 2011; Marel et al. 2012; Adamek et al. 2013; Ruangsri et al. 2013; Chen et al. 2013) .
In contrast, antibacterial proteins have not been fully understood, because of instability of the activity and chemical structures. Antibacterial proteins with strong pore-forming properties were partially purified from the epidermal mucus of carp, eel, tench, trout and turbot (Lemaitre et al. 1996; Ebran et al. 1999 Ebran et al. , 2000 , despite unknown structures. Additionally, we also found the antibacterial glycoprotein from the skin secretion of the rabbitfish . Furthermore, we found a novel antibacterial protein from the skin mucus of the rockfish Sebastes schlegeli, termed it as SSAP (S. schlegeli antibacterial protein). The antimicrobial protein was identified as a new member of the L-amino acid oxidase (LAO) family with target selectivity against Gram-negative bacteria (Kitani et al. 2007a) . In this monograph, we describe the isolation, structural character, enzymatic character and antibacterial mechanism of the first antibacterial LAO from fish skin mucus.
Outline of L-amino acid oxidases (LAO)

2-1. Reaction of LAO
LAOs (EC 1.4.3.2) are flavoenzymes and possess flavin adenine dinucleotide (FAD) as a cofactor, which catalyze the oxidative deamination of an L-amino acid substrate to a corresponding a-keto acid with the byproducts of hydrogen peroxide and ammonia, via an imino-acid intermediate ( Fig. 1) (Pawelek et al. 2000) . LAO family members are featured by two motifs; a dinucleotide-binding motif comprising b-strand/a-helix/b-strand of the secondary structure, and a GG motif (R-x-G-G-R-x-x-T/S) (Vallon, 2000) . The catalysis is proposed to follow either of the two different mechanisms: a carbon ion pathway in which the proton is transferred to the FAD cofactor from the a-carbon atom of the substrate leaving a negative charge followed by two electron transfers. Alternately, a hydride transfer pathway in which an a hydrogen atom is transferred as a hydride ion carrying two electrons simultaneously (Mitra and Bhattacharyya 2013) .
LAOs are widely distributed across diverse phyla from bacteria to mammals (Hughes 2010; Pollegioni et al. 2013) . LAOs in microorganisms appear to be involved in the utilization of ammonia as a nitrogen source, and those in animals show distinct biologic and physiologic effects such as antimicrobial activity, antiparasitic activity, apoptosis, cytotoxicity, edema, hemolysis, hemorrhage and platelet aggregation (Du and Clemeston 2002) . Snake venom and mollusk LAOs have been well investigated (Du and Clemeston 2002; Kamiya et al. 2006; Guo et al. 2012) . Those LAOs are homodimeric or homotetrameric with molecular masses of 110-340 kDa that consist of a 53-68 kDa subunit. Substrate amino acids of snake venom LAOs are mainly non-charged hydrophobic amino acids such as phenylalanine, tryptophan and leucine, while those of marine mollusk LAOs are limited to basic amino acids such as arginine and lysine. 
2-2. LAO in fish
In aquatic animals, LAO was first found from albumen gland of sea hare Aplysia kurodai as an antibacterial and antineoplastic factor named aplysianin A (Kamiya et al. 1986 (Kamiya et al. , 2006 Jimbo et al. 2003) . Following the work, LAOs have been identified from other species of sea hares such as Dolabella auricularia albumen gland (dolabellanin A) (Iijima et al. 2003) , A. punctata purple fluid (APIT) (Butzke et al. 2004 (Butzke et al. , 2005 and A. californica ink (escapin) .
In teleosts, LAO was found from viscera of Anisakisinfected Japanese mackerel as an apoptosis-inducing protein (Jung et al. 2000) . LAO with a potent antibacterial activity was first isolated from skin mucus of rockfish (Kitani et al. 2007a) . Thereafter, fish LAOs were isolated not only from skin mucus of great sculpin Myoxocephalus polyacanthocephalus (Nagashima et al. 2009 ) and starry flounder Platichthys stellatus (Kasai et al. 2010) , but also from serum of rockfish (Kitani et al. 2010 ) and white-spotted rabbitfish Siganus oramin (Wang et al. 2011) . High-throughput sequencing technologies enabled LAO gene mining from the genome database and the transcriptome analysis. Expression sequence tag (EST) analysis revealed that Atlantic cod (Accession number EY975590), yellow perch (HQ206474.1) and channel catfish (FD292921.1) (Wang et al. 2010) 3. Antibacterial activity and purification of the antibacterial substance of the rockfish skin mucus
3-1. Antibacterial activity of the rockfish skin mucus
We have been screening for antibacterial activity in skin mucus of fishes from the coast of Japan. Skin mucus was scraped off the fish body surface with a spatula and centrifuged. The resulting supernatant was used as skin mucus sample. Antibacterial activity was assayed by disc diffusion on agar plates against different bacterial groups; Gram-negative and Gram-positive bacteria, and water-borne and enteric bacteria (Nagashima et al. , 2003 . As shown in Table 1 , rockfish, genus Sebastes, potently exhibited antibacterial activity. Furthermore, Aeromonas salmonicida JCM7874, Photobacterium damselae subsp. piscicida ATCC51736, Shewanella putrefaciens IAM1509 were highly sensitive. It is likely that the fish skin mucus inhibited the growth of water-borne Gram-negative bacteria. The stability of antibacterial activity of the rockfish skin mucus sample was tested by a liquid growth inhibition assay using P. damselae subsp. piscicida. The antibacterial activity was stable by heating at 50∞C for 10 min, decreased at 60∞C and was lost at 70∞C. It was tolerable even in acidic and weakly basic conditions of pH 3-8 (Nagashima et al. 2003) .
3-2. Purification of the antibacterial substance
Twenty specimens of the rockfish (body weight 920-1230 g) were used and their skin mucus was collected by gently scraping with a spatula. The antibacterial substance was purified from the pooled skin mucus sample by a combination of column chromatography (lectin affinity, anion exchange and hydroxyapatite). The antibacterial fractions were monitored by antibacterial activity against P. damselae subsp. piscicida using a liquid growth inhibition assay. It was adsorbed on a lectin affinity column (ConA Sepharose, GE Healthcare) and eluted by 0.5 M methyl-a-Dmannopyranoside-0.5 M NaCl-0.02 M Tris-HCl buffer (pH 7.4) (data not shown). The active fractions were applied to an anion exchange column (MonoQ 5/50 GL, GE Healthcare) that was equilibrated with 0.01 M TrisHCl buffer (pH 7.4). The antibacterial substance was eluted by a linear gradient of 0 to 0.5 M NaCl for 60 min in the same buffer. Antibacterial activity was shown between retention times of 47 and 52 min ( Fig.  2-A) . Then, it was purified by hydroxyapatite HPLC (CHT 5-I, Bio-Rad Laboratories). The column was equilibrated with 0.01 M phosphate buffer (pH 6.8) and eluted by a linear gradient of 0.01 to 0.4 M phosphate for 60 min. Antibacterial activity was detected between retention times of 47 and 49 min ( Fig. 2-B) .
The purified antibacterial substance was subjected to reversed-phase HPLC on a Chromolith Performance RP-18e column (Merck), gel filtration HPLC on a TSKgel G3000SWXL column (Tosoh), and PAGE analyses, in order to confirm its homogeneity. In reversed phase HPLC, it gave a major peak at a retention time of 47.3 min along with a minor one at 23.1 min (Fig. 2-C) . UV spectrum analysis suggested the major peak to be a proteinaceous component and the minor peak a flavin-like chromophore as described in Subsection 4-3. In gel filtration HPLC, it afforded a single peak at a retention time of 17.0 min, corresponding to a molecular mass of 120 kDa (Fig. 2-D) . Native PAGE and SDS-PAGE analyses also demonstrated its homogeneity and its molecular mass to be 53 kDa (Fig.  3) , suggesting that the antibacterial substance is a homodimer of a 53 kDa-subunit.
Purification of the antibacterial substance is summarized in Table 2 . Total protein amount of 1.7 mg was obtained from 150 mL skin mucus (3,890 mg protein) collected from 20 specimens. Minimum inhibitory concentration (MIC) against P. damselae subsp. piscicida was finally reached 0.031 mg/mL. A yield of 28% and 645-fold purification were achieved on the basis of the antibacterial activity and MIC, respectively. In this purification procedure, we isolated the antibacterial protein and named it as SSAP (Sebastes schlegeli antibacterial protein).
Structure of antibacterial protein, SSAP
In Section 3, we screened for antibacterial activity of fish skin mucus, found high activity in the rockfish skin mucus and isolated antibacterial substance from it. Then we elucidated the structure of the antibacterial protein, termed SSAP.
4-1. Primary structure of SSAP
The purified SSAP was applied to N-terminal amino acid sequence analysis after SDS-PAGE and blotting to a polyvinylidene difluoride membrane, determining the sequence to be ISLRDNLAD. In order to analyze internal amino acid sequences, peptide fragments of SSAP were produced using lysil endopeptidase and separated by reversed phase HPLC on a Chromolith Performance RP 18e column. The three peptides (fragments 1-3) were assigned to SADELLQHALQK for fragment 1, EGWYAELGAMRIPS for fragment 2, and SYTWSDDSLLFLGASDED for fragment 3 (Kitani et al. 2007a) .
To clarify full-length sequence of SSAP mRNA, degenerate 3¢ and 5¢ rapid amplification of cDNA ends (RACE) method was performed. The nucleotide sequence of the full-length SSAP cDNA (2037 bp) was determined and deposited (DDBJ accession number AB218876
). An open reading frame comprises 1662 bp, encoding a precursor protein of 554 amino-acid residues from the putative initial methionine to the putative last leucine (Fig. 4) (Fig. 4) . SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP-3.0/) predicted that SSAP was composed of a signal peptide (Met 1 -Ala 58 ) and a mature protein starting with Ile 59 , strongly supporting the result of N-terminal protein sequence analysis. Therefore, the mature protein consists of 496 amino acids and molecular weight and pI were estimated to be 55260.63 Da and 5.46, respectively by ExPASy Compute pI/Mw tool (http:// web.expasy.org/compute_pi/). These results agreed with that of SDS-PAGE with a molecular mass of 53 kDa and the behavior in MonoQ anion exchange HPLC. A BLAST search showed the similarity of the predicted amino acid sequence of SSAP to L-amino acid oxidases (LAOs) (Fig. 4) . Deduced SSAP showed the dinucle- and GG motif at Arg 125 -Thr 132 (Fig. 4) , characterizing the secondary structure of LAO (Vallon 2000) .
4-2. Glycosylation of SSAP
We examined the glycochain of SSAP, because the protein bound to a ConA lectin conjugated resin and the deduced amino acid sequence of SSAP has two Nglycosylation sites (Asn 89 -Thr 90 -Ser 91 and Asn 319 -Ser 320 -Thr 321 ). Treatment of SSAP with glycopeptidase F resulted in de-glycosylation (Fig. 5) . The SDS-PAGE showed the reduction of molecular mass of SSAP ( Fig.  5-A) . In addition, ECL glycoprotein detection module demonstrated dissociation of a sugar moiety ( Fig. 5-B) , indicating the presence of an N-linked carbohydrate side chain in SSAP. Total sugar composition analysis was performed by HPLC after derivatization with 4-aminobenzoic acid ethyl ester, and determined to contain 4.6 mol of D-mannose and 1.6 mol of N-acetyl-Dglucosamine per mol of SSAP subunit. This result suggested that SSAP have at least one of high mannose type glycochain (Fig. 6 ).
4-3. Cofactor of SSAP
The purified SSAP was yellow-colored, suggesting the presence of flavin in the molecule, since LAO family members have flavin in common as a coenzyme. The chromophore was obtained by heating SSAP in 1% SDS, ultrafiltration and reversed phase HPLC on a Chromolith Performance RP-18e column. The mass spectrum of the chromophore was analyzed by ESI-TOF-MS in the positive mode. according to the rule of mass shift in fragmentation (Nakata 2002) . The mass spectrometric result confirmed that FAD is the chromophore of SSAP, as other LAOs, aplysianin A from sea hare A. kurodai and escapin from sea hare A. californica (Jimbo et al. 2003; Yang et al. 2005) .
Enzymatic properties of SSAP as an L-amino acid oxidase
SSAP showed high homology to LAO family proteins, which was supported by the presence of FAD in the molecule. Therefore, we examined whether SSAP has LAO activity and characterized the enzymatic properties of SSAP as LAO. LAO activity was assayed by the peroxidase/o-phenylenediamine (OPD) method (Jung et al. 2000) with slight modifications. The substrate specificity of SSAP was examined using glycine, 19 L-amino acids and D-lysine as the substrates. SSAP catalyzed oxidation of only L-lysine, but not any of other L-amino acids nor D-lysine (Fig. 8) . SSAP exhibited high LAO activity with a specific activity of 10.2 unit/mg, where one unit was defined as 1 m mole of hydrogen peroxide production for 1 min. It is noteworthy that SSAP has strict substrate specificity for Llysine. AIP from the mackerel and MPLAO3 from the great sculpin catalyzed the oxidation of only L-lysine as well as SSAP from the rockfish (Jung et al. 2000; Nagashima et al. 2009 ), implying the structural similarity of substrate-binding sites among these LAOs. Interestingly, LAOs from sea hares such as Aplysianin A, APIT and escapin also preferred basic amino acids, L-lysine and L-arginine as substrates (Jimbo et al. 2003; Butzke et al. 2005; Ko et al. 2008) . From a LineweaverBurk plot of LAO activity of SSAP, Michaelis-Menten constant (K m ), turnover number (k cat ) and specificity constant (k cat /K m ) were evaluated to be 0.19 mM, 20.4 s -1 and 1.07 ¥ 10 5 s -1 M -1 , respectively (Kitani et al. 2007a) .
SSAP was rather thermostable by heating at 60∞C for 10 min and deactivated at over 70∞C. Although the effect of lower temperature on SSAP was not quantitatively investigated, semi-purified or purified SSAP was stable at freezing for at least one year or at 4∞C for one month. Furthermore, the enzyme was stable at a wide range of pH between 3 and 9. These results agreed with the stability of the antibacterial protein purified from the rockfish skin mucus based on antibacterial activity against P. damselae subsp. piscicida (Nagashima et al. 2003) .
In conclusion, biochemical assays demonstrated that SSAP has high potent LAO activity with limited substrate specificity for only L-lysine and it is actually a novel LAO.
Antibacterial action of SSAP
Sections 4 and 5 provided evidence that SSAP is LAO in both structural and enzymatic characterization. It is known that antibacterial activity of LAO is mainly ascribable to hydrogen peroxide produced by oxidation of L-amino acid. Here, we examined the antibacterial action of SSAP, comparing it with hydrogen peroxide, in terms of antibacterial spectrum, the inhibitory effect of catalase on antibacterial activity, antibacterial kinetics, observation by electron microscopy and bacterial cell binding assay. 
6-1. Antibacterial activity of SSAP and hydrogen peroxide
Antibacterial activity was measured by a liquid growth inhibition assay (Nagashima et al. 2003) , using three species of Gram-positive bacteria, Bacillus subtilis IAM1026, Micrococcus luteus IAM1056 and Staphylococcus aureus IAM1011 and six species of Gram-negative bacteria, A. hydrophila IAM 12337, A. salmonicida JCM7874, Escherichia coli JCM1649, P. damselae subsp. piscicida ATCC51736, Salmonella typhimurium SH-1 isolated from fish meal and Vibrio parahaemolyticus NBRC12711. Briefly, a mixture of sample solution (SSAP or hydrogen peroxide) and the bacterial suspension (1 ¥ 10 5 colony forming unit (CFU)/mL) was incubated at 25∞C for 24 h. The minimum inhibitory concentration (MIC) was defined as the lowest concentration that inhibited the growth of bacteria. The minimum bactericidal concentration (MBC) was determined as follows. An aliquot of the mixture after 24 h incubation in each well was added to the newly prepared broth and incubated at 25∞C for 48 h. The MBC is the lowest concentration that inhibited the growth of bacteria. Next, we examined the inhibitory effect of catalase on the antibacterial activity of SSAP or hydrogen peroxide. An aliquot of catalase was added to the culture medium containing bacterial cells and 5 mg/mL SSAP or 10 mM hydrogen peroxide which was enough to inhibit the growth of bacteria. The mixture was incubated under the same condition as described above. As a result, addition of catalase completely abolished the antibacterial activity of SSAP and hydrogen peroxide, demonstrating that the generation of hydrogen peroxide is responsible for antibacterial activity of SSAP. However, it is notable that the amount of hydrogen peroxide generated in the oxidative reaction of L-amino acid by LAO is significantly less than that of hydrogen peroxide itself needed to inhibit the bacterial growth. SSAP was as potent as an MIC of 0.078 mg/ mL for A. salmonicida. Other antibacterial LAOs, achacin (antibacterial LAO from the body surface mucus of the giant African snail Achacina fulica) and escapin, were reported to be an MIC of 0.2 and 0.25 mg/mL, respectively (Ehara et al. 2002; Yang et al. 2005) .
6-2. Antibacterial mechanism of SSAP
Antibacterial spectra were quite different between SSAP and hydrogen peroxide, despite that hydrogen peroxide was responsible for antibacterial activity of SSAP. This suggested the difference in mechanism underlying antibacterial activity between SSAP and hydrogen peroxide. Therefore, antibacterial kinetics of SSAP and hydrogen peroxide were compared. In this study, A. salmonicida, P. damselae subsp. piscicida and V. parahaemolyticus were used as test bacteria. Briefly, the test bacteria (1 ¥ 10 5 CFU/mL in Muller-Hinton broth medium) was incubated with SSAP (1, 2 and 8 times MIC) or hydrogen peroxide (1 or 8 times MIC). Viable cell numbers were measured by enumeration of CFU at 0, 1.5, 3, 6 and 24 h after inoculation.
The growth of A. salmonicida was slow with 1 ¥ and 2 ¥ MIC of SSAP and completed with 8 ¥ MIC of SSAP over 6 h ( Fig. 9-A) . Hydrogen peroxide remarkably decreased the bacteria to <10 2 CFU. However, the bac- terial growth at the level of 1 ¥ MIC was recovered over 6 h, but not at the level of 8 ¥ MIC (Fig. 9-B) .
In the case of P. damselae subsp. piscicida, SSAP (with 1, 2 and 8 times MIC) delayed the growth but did not decrease the bacteria, regardless of the concentration of SSAP added to the medium (Fig. 9-C) . Hydrogen peroxide with 1 ¥ MIC delayed the growth and that with 8 ¥ MIC swiftly decreased the bacteria to <10 2 CFU within 1.5 h (Fig. 9-D) . Against V. parahaemolyticus, SSAP and hydrogen peroxide showed an inhibitory effect, depending on the concentration. SSAP with 8 ¥ MIC and hydrogen peroxide with 1 ¥ MIC stopped the growth of bacteria (Figs. 9-E, F) . These results suggested that hydrogen peroxide showed bactericidal effect against the three test bacteria, while SSAP affected the bacteria in different manners, bacteriostatic for P. damselae subsp. piscicida and bactericidal for A. salmonicida and V. parahaemolyticus.
Scanning electron microscopic (SEM) and transmission electron microscopic (TEM) analyses were carried out to characterize the antibacterial effect of SSAP and hydrogen peroxide, using A. salmonicida, P. damselae subsp. piscicida and V. parahaemolyticus. Three strains of bacteria were treated with SSAP or hydrogen peroxide at 25∞C for 10 min. The treated bacteria were fixed with glutaraldehyde and osmium (IV) oxide, followed by SEM observation. As for TEM doi:10.5047/absm.2015.00801.0001 © 2015 TERRAPUB, Tokyo. All rights reserved.
observation, the bacteria were treated with SSAP, fixed with glutaraldehyde and osmium (IV) oxide. The bacteria were embedded with epoxy resin and observed by a TEM. Their typical photographs are displayed in Figs. 10, 11 .
The control A. salmonicida is bacillar (Fig. 10-A) . A. salmonicida exposed to SSAP had bleb-like protrusions on their surfaces (arrow in Fig. 10-B) and lengthened (circle in Fig. 10-B) . The hydrogen peroxide-treatment damaged the surfaces of A. salmonicida (Fig. 10-C ) . TEM observation clearly showed that A. salmonicida cell treated with SSAP had the bleb at the end of the cell (arrow in Fig. 11-A) .
The normal P. damselae subsp. piscicida is shaped like rods, around 2 mm in length (Fig. 10-D) . When the bacteria were treated with SSAP, they elongated their bodies. The longest bacterial cell observed exceeded 20 mm in length (arrow in Fig. 10-E) . The hydrogen peroxide treated P. damselae subsp. piscicida prolonged the cell bodies several times (arrows in Fig.  10-F) . Figure 11 -B illustrates a section view of P. damselae subsp. piscicida after the treatment with SSAP. The outline of the lengthened cell was disordered and the cell membrane was wavy and sunk into.
The untreated V. parahaemolyticus is the rod-shaped bacterium with 1-3 mm in length, and it has a sheathed polar flagellum (Fig. 10-G) . The bacteria treated with SSAP were elongated and damaged to form pores (arrows in Fig. 10-H) . Hydrogen peroxide treatment of V. parahaemolyticus resulted in the elongation of the cell body and the subsidence of the cell (arrow in Fig. 10-I ). TEM analysis revealed that the V. parahaemolyticus cells treated with SSAP were seriously damaged to collapse and the cell membrane was wrinkled and harsh ( Fig. 11-C) .
These results revealed that SSAP and hydrogen peroxide showed a similar effect in the bacteria. However, their morphological alternations were remarkably different among the three species of bacteria. SSAP induced bleb-like protrusions on the surfaces of A. salmonicida, unusual elongation of P. damselae subsp. piscicida bodies and pores into V. parahaemolyticus cells, strongly supporting antibacterial kinetics of SSAP. Wang et al. (2011) reported that SR-LAAO from the serum of rabbitfish Siganus oramin also showed different morphological changes in bacteria by SEM observation. When S. aureus was treated with the rabbitfish serum, the surface of the S. aureus was wrinkled, the cell membranes deformed, causing the formation of blebs on the cell surface. On the one hand, a pore was formed on the surface of E. coli after treatment with the rabbitfish serum. On the other hand, S. aureus treated with achacin were distorted and hollowed in the cytoplasmic membranes, while E. coli treated with achacin lengthened the bodies and formed filamentous cells (Otsuka-Fuchino et al. 1993; Ehara -3) , E. coli (lanes 4-6) and P. damselae subsp. piscicida (lanes 7-9). Lanes 1, 4 and 7, 0 mg/mL SSAP; lanes 2, 5 and 8, 0.5 mg/mL SSAP; lanes 3, 6 and 9, 2.5 mg/mL SSAP. 
6-3. Bacterial cell binding activity of SSAP
SSAP is distinctively characterized by bacterium specificity as well as a potent antibacterial activity. Previous studies suggested the involvement in bacterium specificity of binding of LAO to the cell (Ehara et al. 2002; Zhang et al. 2005) . In this section, thus, bacteria cell binding activity of SSAP was examined in two lines of experiments, using P. damselae subsp. piscicida and E. coli as the representatives of SSAPsensitive and SSAP-nonsensitive bacteria, respectively . Aliquots of bacterial suspension (2 ¥ 10 9 CFU/mL) were incubated with SSAP solution (final concentration of 0, 0.5 and 2.5 mg/mL) at 25∞C for 2 h. After incubation, the mixture was washed with the buffer to remove unbound SSAP. The bacterial pellet was obtained by centrifugation and lysed with 2-mercaptoethanol-SDS-0.1 M Tris-HCl buffer (pH 6.8) to detach SSAP bound to the cells. The lysate was subjected to SDS-PAGE, electroblotted on a polyvinylidene difluoride membrane and visualized with anti-SSAP antiserum (Kitani et al. 2007b ) using an ECL Western blotting system (GE healthcare BioScience). Figure 12 -A shows the binding of SSAP to P. damselae subsp. piscicida cells incubated with 2.5 mg SSAP/mL, but not to E. coli.
Next, LAO activity was measured using the filtrate of the bacterial suspension incubated with SSAP. In this case, the decreased LAO activity in the filtrate was evaluated as the binding of SSAP to the bacteria. Aliquots of bacterial suspension (2 ¥ 10 9 CFU/mL) were incubated with SSAP (2 mg/mL) at 25∞C for different periods (0, 15, 30, 60, 120 and 180 min). After incubation, the bacteria cells were removed by filtration and the resulting filtrate was measured for LAO activity. A blank was prepared using Dulbecco's phosphate buffer without bacteria. Bacterial cell binding activity of SSAP was indicated as the ratio of LAO activity in the filtrate from bacterial suspension to that in the blank. LAO activity of the filtrate from P. damselae subsp. piscicida treated with SSAP decreased with incubation time; 82, 66 and 49% of the control at 60, 120 and 180 min, respectively (Fig. 12-B) . Nevertheless, LAO activity of the filtrate from SSAP-treated E. coli was not decreased. These results indicate that SSAP preferentially bound to P. damselae subsp. Piscicida cells.
In the case of Siberian pit viper Agkistrodon halys venom LAO (AHP-LAO), it inhibited E. coli growth (Zhang et al. 2005) . AHP-LAO showed a half inhibitory concentration (IC 50 ) of 2.0 mg/mL that produced 0.21 mM hydrogen peroxide for 2.5 h, however, hydrogen peroxide itself with the IC 50 of 8.5 mM. Zhang et al. (2005) demonstrated the binding activity between AHP-LAO and E. coli cells using fluorescein isothiocyanate labeled-AHP-LAO. Ehara et al. (2002) also reported significant bacterial-binding activity of achacin against E. coli and S. aureus by Western blotting. In addition, we showed the binding of SSAP to P. damselae subsp. piscicida but not to E. coli by both doi:10.5047/absm.2015.00801.0001 © 2015 TERRAPUB, Tokyo. All rights reserved.
Western blotting and the measurement of LAO activity (Fig. 12) . The high potency and bacterium specificity of SSAP are accountable due to its binding ability to SSAP-susceptible bacterial cells, as illustrated in Fig. 13 . However, it remains to be clarified how SSAP recognizes the bacteria of interest. It is unlikely that the glycochain of SSAP is involved in the binding to cells, because SSAP deglycosylated did not decrease antibacterial activity of SSAP (Kitani et al. 2007a ).
In conclusion, hydrogen peroxide was demonstrated to be an antibacterial agent of SSAP as in the case of antibacterial LAOs isolated elsewhere. Other antibacterial mechanisms of LAO have also been proposed. Jimbo et al. (2003) found that in vitro antibacterial assay of aplysianin A showed antibacterial effect even in the presence of excess catalase, although the antibacterial action of aplysianin A mainly resulted from hydrogen peroxide production during the reaction with substrates, specific to basic amino acids, L-lysine and L-arginine. Consumption of amino acids essential for the bacteria in the media by aplysianin A likely resulted in inhibition of the bacterial growth.
Escapin has L-lysine-dependent antibacterial mechanism . The enzymatic reaction by escapin produced an equilibrium mixture containing the linear forms of a-keto-e-aminocaproic acid, 6-amino-2-hydroxy-hex-2-enoic acid and 6-amino-2,2-dihydroxy-hexanoic acid and the cyclic forms of D 1 -piperidine-2-carboxylic acid, D 2 -piperidine-2-carboxylic acid and 2-hydroxy-piperidine-2-carboxylic acid, besides hydrogen peroxide and ammonia (Kamio et al. 2009 ). These escapin intermediate products of L-lysine (EIP-K) seem to be involved in the antibacterial action of escapin. Ko et al. (2012) revealed the bactericidal mechanism of escapin against E. coli. Simultaneous treatment with EIP-K and hydrogen peroxide showed highly bactericidal activity against E. coli. It is most likely that hydroxyl radicals play important roles in the bactericidal activity of EIP-K and hydrogen peroxide, because 1,10-phenanthroline (a membrane permeable ferrous ion chelator) and thiourea (a remover of hydroxyl radicals) effectively prevented bactericidal activity of escapin. Moreover, EIP-K plus hydrogen peroxide caused bacterial DNA to condense into a tight spherical nucleoid. DNA condensation was long lasting probably due to damage to DNA-unwinding mechanism.
It is reported that hydrogen peroxide and other reactive oxygen species (ROSs) have diverse deleterious effects on bacterial cells by interaction with lipids and proteins in cell membrane and loss of membrane fluidity and structural integrity (Zhang et al. 2005; Dwyer et al. 2009 single-strand breaks of DNA and blocking DNA replication and transcription, consequently inhibiting bacterial growth (Imlay and Linn 1988; Slupphaug et al. 2003) .
Distribution of SSAP in the rockfish
Although SSAP was isolated from the skin mucus of the rockfish, it is unclear where SSAP is produced and where it distributes. In this section, hence, inter-tissue localization of SSAP in the rockfish was investigated by semi-quantitative/quantitative RT-PCR, Western blotting and measurements of LAO and antibacterial activities in Subsection 7-1, and intra-tissue localization of SSAP in the skin and/or gills by in situ hybridization and immunohistochemistry in Subsection 7-2. The significance of SSAP in innate immunity of the rockfish is discussed.
7-1. Inter-tissue distribution of SSAP in the rockfish
Twenty specimens of the rockfish were used and the details (age, body weight and total length) are shown in Table 4 . For SSAP gene expression experiments, three specimens (Nos. 1-3 in Table 4 ) were used and dissected into nine tissues including skin, gills, muscle, stomach, intestine, liver, spleen, kidney and ovary after collecting blood from the caudal aorta using a disposable syringe. The tissues and whole blood cells were fixed with 9 volumes of RNAlater (Ambion) to extract total RNA. Total RNA extraction and cDNA synthesis were performed as reported previously (Kitani et al. 2007b) .
Semi-quantitative RT-PCR was done using an SSAP gene specific primer set and a b-actin gene specific primer set. The PCR band (180 bp) corresponding to the region 902 to 1081 of the SSAP gene (Accession number AB218876) was observed clearly in skin and gill and faintly in ovary (Fig. 14) . No bands were detected in any other tissues such as muscle, stomach, intestine, liver, spleen, kidney and blood cells. Expression of the house-keeping gene, b-actin, was obtained in all tissues.
An amount of SSAP mRNA in the each tissue was determined by quantitative RT-PCR analysis. In this case, the SSAP gene specific primer set was used and synthesized SSAP RNA was employed as a standard. Figure 15 shows SSAP mRNA expression profile in the tissues of the rockfish. Skin and gills had high concentrations of the SSAP mRNA; 1.7-6.6 ng/mg total RNA for skin and 0.5-3.2 ng/mg total RNA for gills. On the contrary, muscle, stomach, intestine, liver, spleen, kidney, ovary and blood cells exhibited no or less than 0.05 ng/mg total RNA, with the exception of specimen No. 3 the kidney with the concentration as low as 0.2 ng/mg total RNA. The melting temperatures of the PCR products from the standard of SSAP RNA, skin and gill were identical at 86.2∞C, confirming the specificity of the products (Fig. 15, inset) .
Since the concentration of the SSAP mRNA varied among the three specimens (Fig. 15) , gene expression of SSAP was measured in the skin of an additional 17 individuals in consideration of age (3-year-old, 1-yearold and 3-month-old) ( Table 4 ). The concentrations of the SSAP mRNA were 4.90 ± 3.34 ng/mg total RNA, 5.48 ± 0.79 ng/mg total RNA and 4.70 ± 2.86 ng/mg total RNA respectively, in the 3-year-old, 1-year-old and 3-month-old groups. No significant difference was observed in the gene concentration among the three groups (p > 0.05), because the concentration of the SSAP mRNA markedly varied among individuals. Furthermore, no relationship was found between size (body weight or total length) and gene expression (r 2 < 0.560). Inter-tissue distribution of SSAP was also investigated by Western blotting using anti-SSAP antiserum. Anti-SSAP antiserum was raised in female Hartley guinea pig (Kitani et al. 2007b) . Extracts from each tissue were prepared by homogenizing the tissue with 0.15M NaCl-0.01M Tris-HCl buffer (pH 7.4) and centrifugation. The resulting supernatants were subjected to SDS-PAGE and electrically transferred from the gel onto a polyvinylidene difluoride membrane. Serum extract was obtained by dilution with 0.15M NaCl-0.01M Tris-HCl buffer (pH 7.4). SSAP cross-reactive proteins were detected using anti-SSAP antiserum, goat peroxidase-conjugated anti guinea pig IgG and 3,3-diaminobenzidine tetrahydrochloride. Control and neutralized sera were substitutive for the anti-SSAP antiserum to confirm the accuracy of the reactivity with the antiserum as the primary antibody.
Results of SDS-PAGE and Western blotting are displayed in Fig. 16 . SSAP gave a band with a molecular mass of 53 kDa in SDS-PAGE (Fig. 16-A) and Western blotting (Fig. 16-B) . Western blotting showed a positive band of 53 kDa in the skin and gill (Fig. 16-B) . When the anti-SSAP antiserum neutralized with SSAP was used, the band disappeared in both skin and gill (data not shown), suggesting that the cross-reactive protein in skin and gill is most likely to be SSAP. Although a band with a molecular mass of 27 kDa was observed in the muscle extract, it was also detected using a control serum and the neutralized antiserum (data not shown), indicating a non-specific reactivity of the band of 27 kDa.
LAO activity of the tissue extracts was determined by hydrogen peroxide generation method using L-lysine as the substrate, according to the method described above. The skin extract generated a high concentration of hydrogen peroxide (0.71-0.86 mM), followed by the gill extract (0.20-0.28 mM) (Fig. 17) . The production of hydrogen peroxide in the skin and gill extracts was significantly higher than that of the extracts from other tissues (p < 0.05), indicating a high LAO activity in skin and gill. The result was well accordant with those of RT-PCR and Western blotting (Figs. 14-16 ). It should be noted that the serum extract produced hydrogen peroxide as high as 0.88-0.97 mM, comparing to that of the skin extract. Nevertheless, the serum did not react with anti-SSAP antiserum (Fig. 16-C) and the whole blood cells did not express SSAP mRNA by both semi-quantitative and quantitative RT-PCR using SSAP gene specific primers (Figs. 14, 15) . The reason why the serum extract elicited high production of hydrogen peroxide is described in Section 8. Antibacterial activity against P. damselae subsp. piscicida was also measured by a liquid growth inhibition micro assay. The activity was expressed in terms of titer which is the reciprocal of the highest dilution giving the growth inhibition of bacteria. Extracts of skin and serum showed a potent antibacterial activity of titer 256-512 and the gill extract exhibited a weak activity of titer 4. Their antibacterial activities were completely lost, when catalase was added to the culture medium containing SSAP and bacteria. In contrast, other tissue extracts showed no antibacterial activity (titer < 4).
7-2. Intra-tissue distribution of SSAP
In this section, we describe the intra-tissue localization of SSAP in the rockfish by in situ hybridization and immunohistochemistry, to deeply understand the physiologic effects of SSAP in this fish. Four live specimens of rockfish were used in the experiments; one for in situ hybridization and three for immunohistochemistry.
At first, in situ hybridization was performed to identify SSAP expression loci in the skin and gills, because SSAP mRNA was demonstrated to predominantly express in skin and gills by semi-quantitative/quantitative RT-PCR, as described above. For in situ hybridization, skin and gills were removed from the specimen. Digoxigenin (DIG)-labeled cRNA sense and antisense probes were synthesized from the template DNAs. The cRNA probes were fragmented into approximately 500 nucleotide fragments by alkaline hydrolysis . Sections of the skin and gills were mounted on MAS-coated slide glass (Matsunami Glass Ind., Ltd.). The sections were fixed with paraformaldehyde in phosphate-buffered saline (PBS), dehydrated and baked. The sections were treated with proteinase K, hybridized with each probe, reacted with alkaline phosphatase-conjugated anti-DIG antibody and developed with NBT/BCIP stock solution, successively.
In the skin section, a positive reaction was detected in the epidermis with the antisense probe (deep purple-colored portions in Fig. 18-A) , but not with the sense probe (Fig. 18-C) . SSAP mRNA-expressing cells were located near the basal membrane of the epidermis (magnified picture in Fig. 18-B, arrows) . In the gill section, hybridization signals were observed in the branchial epithelia (Fig. 18-D) and strongly detected in the apical portion of the primary lamella with the antisense probe (Fig. 18-E, white arrow) . The sense probe gave no specific staining in these portions (Fig.  18-F) . These findings revealed that SSAP is synthesized in the skin and gill epithelia.
For immunohistochemistry, the specimens were perfused with 0.01M sodium citrate-0.15M NaCl-0.01M Tris-HCl buffer (pH 7.4) from the ventral aorta, because of the presence of another LAO, different from SSAP in the serum as described in Section 8 (Kitani et al. 2010) . Skin was removed from the specimens and embedded in OCT Compound (Sakura Finetech) and sectioned using a cryostat. Sections were mounted on MAS-coated slide glass (Matsunami Glass Ind., Ltd.), washed with PBS, treated with hydrogen peroxide in methanol and blocked with bovine serum albumin in PBS. The sections were incubated with anti-SSAP antiserum, horseradish peroxidase-conjugated goat antiguinea pig IgG antibody, diaminobenzidine and hydrogen peroxide, subsequently. The sections were counterstained with Carrazzi's hematoxylin solution and observed by light microscopy. SSAP-neutralized antiserum and non-immune control serum were used as the primary antibodies to confirm the reactivity with anti-SSAP antiserum.
SSAP immunohistochemistry in a skin section of the rockfish is shown in Fig. 19 . A positive signal (browncolored portions) was clearly detected in the mucus layer (mu), mucous cells (*), and epidermal cells (ep) in the skin (Fig. 19-A) . The positive reaction was not detected, when the antiserum was neutralized by SSAP (data not shown). Furthermore, sections incubated with non-immune serum showed no detectable positive staining (Fig. 19-B) . These results demonstrated that the cross-reactive proteins in the skin are most likely to be SSAP.
These histological analyses of SSAP in the rockfish skin showed that SSAP was synthesized near the basal membrane of the epidermis, transported, stored in mucous cells and secreted in the skin mucus. SSAP is also produced in the branchial epithelium in the gills. SSAP showed a high homology to an apoptosis-inducing protein (AIP) derived from the mackerel, only after infection with larval nematoda Anisakis simplex (Jung et al. 2000) . AIP was localized dominantly in the inner cavity of the capsule surrounding the larvae to prevent their migration from the abdominal region to other tissues. In contrast, SSAP is distributed in skin and gill, but not in viscera. Kasai et al. (2010) reported that an antibacterial LAO (ps-LAAO) isolated from epidermis mucus of the flounder P. stellatus's gills was predominantly localized in the undifferentiated cells surrounding the vacuolated mucus-secreting cells of the gills, within the epithelia of the primary and secondary lamella. Furthermore, the rabbitfish S. oramin serum LAO (SR-LAAO) with antibacterial and antiparasitic activities was detected not only in blood but also the spleen, kidney and gills (Wang et al. 2011) . It is noteworthy that localization of LAOs in fish varies among fish species, suggesting distinct functions of LAOs among fish species.
LAO activity of SSAP is also mediated by the concentration of the substrate L-lysine with a K m value of 0.19 mM (Kitani et al. 2007a) . Although it is unclear whether L-lysine concentration of skin or gill is enough to generate hydrogen peroxide needed to kill bacteria, SSAP has a high potency against fish pathogens such as A. hydrophila, A. salmonicida, P. damselae subsp. piscicida and V. parahaemolyticus, probably by bacteria cell-binding ability. Therefore, it is suggested that SSAP plays a role as an innate immune factor in frontline defense tissues such as the skin and gills, and protect the fish against invasion of pathogenic bacteria.
Serum LAO differing from SSAP
In Section 7, we found that the serum extract clearly showed LAO activity and antibacterial activity, despite no cross reaction of the serum extract with anti-SSAP doi:10.5047/absm.2015.00801.0001 © 2015 TERRAPUB, Tokyo. All rights reserved.
antiserum and no expression of SSAP mRNA in total RNA from the blood cells. Here, we describe the isolation and characterization of the serum LAO distinct from SSAP.
8-1. Isolation and partial amino acid sequence of serum LAO
After specimens of rockfish were anaesthetized in seawater containing 2-phenoxyethanol, blood was collected from the caudal aorta using a disposable syringe, allowed for 1h at room temperature and centrifuged. The resulting serum was pooled and used to isolate LAO of interest by ConA Sepharose affinity chromatography, MonoQ 5/50 GL anion exchange HPLC and CHT 5-I hydroxyapatite HPLC, according to the method for SSAP (Kitani et al. 2007a) . Serum LAO was eluted from adsorbed fraction on a ConA Sepharose column (data not shown) and the active fraction was applied to downstream purification. In MonoQ HPLC, three peaks (Frs. I-III) having LAO activity were detected (Fig. 20-A) . The most active fraction (Fr.
I with retention times between 50 and 55 min) was applied to CHT 5-I hydroxyapatite HPLC (Fig. 20-B) . LAOs were eluted at retention times of 53 min (Fr. I-A) and 56 min (Fr. I-B), and Fr. I-A was further purified by gel filtration HPLC on a TSKgel G3000SWXL column (Fig. 20-C) . The major peak with a retention time of 17.8 min showed LAO activity. The homogeneity of the LAO (designated as serum LAO I-A) was confirmed by SDS-PAGE (Fig. 20-D) . The molecular mass of serum LAO I-A was estimated to be approximately 160 kDa by gel filtration HPLC (Fig. 20-C) , while it was 53 kDa under non-reducing condition and 56 kDa under reducing condition by SDS-PAGE (Fig.  20-D) (Kitani et al. 2010) .
Amino acid sequences of serum LAO I-A and its peptide fragments digested with lysyl endopeptidase were analyzed with a gas phase protein sequencer. Amino acid sequences of N-terminal and internal peptide fragments are collectively shown in Table 5 and compared in the overlapping regions with fish LAOs in Fig. 21 . The result revealed the high homology of serum LAO I-A with LAO family proteins derived from fish. The determined 140 amino acid residues of serum LAO I-A were closely similar to SSAP; the identity of the amino acid sequence was 98% with SSAP, followed by 75%, 68%, 66% and 64%, respectively, with AIP from mackerel viscera, MPLAO3 from great sculpin skin mucus, psLAAO1 from flounder gill secretion and SR-LAAO from rabbitfish serum (Jung et al. 2000; Nagashima et al. 2009; Kasai et al. 2010; Wang et al. 2011) , suggesting a novel LAO in serum of the rockfish.
8-2. Characterization of serum LAO
The enzymatic characteristics of serum LAO I-A were investigated. LAO activity was measured by a hydrogen peroxide generation assay following the previous method (Kitani et al. 2007a) , except for the addition of 1.0 M NaCl to the reaction mixture (Kitani et al. 2010) . To examine substrate specificity of the serum LAO I-A, glycine, 19 L-amino acids and D-lysine were used as a substrate. It showed a high LAO activity against only L-lysine, with a specific activity of 21.4 unit/mg. Based on the specific activity (21.4 unit/mg) and the molecular mass (160 kDa), turnover number (k cat ) was estimated to be 57.1 s -1 . From a LineweaverBurk plot of LAO activity, the Michaelis constant (K m ) was evaluated to be 0.37 mM. Consequently, the specificity constant (k cat /K m ) was estimated to be 1.54 ¥ 10 5 s -1 M -1 . The antibacterial spectrum of serum LAO I-A was examined using three species of Gram-positive bacteria and six species of Gram-negative bacteria as test bacteria ( Table 6 ). The serum LAO exhibited a broadspectrum of antibacterial activity against Gram-negative and Gram-positive bacteria except for M. luteus. It effectively inhibited the growth of A. hydrophila and A. salmonicida with a MIC of 0.078 mg/mL, followed by P. damselae subsp. piscicida, V. parahaemolyticus, S. typhimurium, B. subtilis, E. coli and S. aureus in against virulence passing through the surface of fish and invading the body.
Total RNA extracted from whole blood cells showed no detectable level of SSAP (<0.05 ng/mg total RNA) in quantitative RT-PCR using an SSAP gene specific primer set that was designed by Asn 255 -Glu 262 (sense) and Gly 308 -Asp 315 (antisense) of SSAP (Figs. 14, 15 in Section 7). This result suggested that the region was different in the nucleotide sequence between the serum LAO I-A and SSAP. Furthermore, the serum sample showed no cross reaction with anti-SSAP antiserum by Western blotting (Fig. 16 in Section 7), implying that the stereo-structure of the whole molecule differed between the serum LAO and SSAP.
The tissues that synthesize the serum LAO I-A remain to be clarified. In the rabbitfish, serum LAO, SR- for other LAOs including SSAP (Zhang et al. 2005; Kitani et al. 2008) . Although serum LAO I-A had the same strict substrate specificity to L-lysine as SSAP, the serum LAO was more potent than SSAP. The specific activity of serum LAO I-A was twice that of SSAP (20.4 unit/mg versus 10.2 unit/mg) and the turnover number was 2.8-fold potent (57.1 s -1 versus 20.4 S -1 ). This indicates that the serum LAO more potently catalyzed Llysine to produce more hydrogen peroxide than SSAP, resulting in stronger antibacterial activity than SSAP. Furthermore, it should be noted that the serum had at least four LAO isoenzymes in the purification procedure, while the skin mucus had only SSAP. The serum LAO might be of great advantage to the innate defense system, thereby the serum LAO could be active even LAAO, was demonstrated to localize in the spleen, kidney, gill and blood by immunohistochemical analysis (Wang et al. 2011) . In mammals, interleukin-4-induced gene-1 (Il4I1, formerly Fig1) initially identified in mouse B lymphocytes was found to be a novel LAO family protein and indeed acted as an antibiotic against Gram-negative and Gram-positive bacteria (Chu and Paul 1997; Manson et al. 2004; Puiffe et al. 2013) . Il4I1 was expressed in macrophages and dendritic cells stimulated by microbial derived products or interferon (Marquet et al. 2010) . It is of interest that in the rockfish, different types of LAOs act in the circulating blood and the epidermis of the skin and gills. Further study is necessary to elucidate the LAO-producing cells to better understand the physiologic role of LAO in rockfish.
Prospects of LAO in fish
It is revealed that LAO is a new type of antibacterial protein in fish and may be deeply involved in innate immunity in not only integuments but also in the circulating system of fish. LAO is a flavoenzyme containing FAD as a coenzyme and catalyzes the oxidative deamination of L-amino acid to produce a-keto acid, hydrogen peroxide and ammonia. LAO itself is neither depleted nor changed even after reaction with and attacking the target bacteria, because it is a biocatalyst. In contrast, many antibiotics are consumed or degraded by antibacterial action. Antibacterial LAOs have been reported in a variety of the animal kingdom and tissues; albumen gland and purple ink of sea hare, body surface mucus of terrestrial snail, venom of snake and milk and lymphocytes of mouse. The phylogenic tree of antibacterial LAOs is illustrated in Fig. 22 using maximum likelihood algorithm implemented in PhyML (http://www.atgc-montpellier.fr/phyml/) with an LG model, estimated gamma shape parameter and an approximate likelihood-ratio test. Teleost forms a separated clade, suggesting the distinct evolution of fish LAOs. Classification of LAOs in fish agreed well with morphologic taxonomy; rockfish S. schlegeli and great sculpin M. polyacanthocephalus in Order Scorpaeniformes, rabbitfish S. oramin and Chub mackerel Scomber japonicus in Order Perciformes and flounder P. stellatus in Order Pleuronectiformes. Interestingly, mouse B cell Il4Il is rather close to teleost LAOs and clearly separated from mouse milk LAO.
In addition to our SSAP and serum LAO I-A from the rockfish (Kitani et al. 2007a (Kitani et al. , 2010 , antibacterial LAOs have been isolated from skin of the great sculpin, gill of the flounder and serum of the rabbitfish (Nagashima et al. 2009; Kasai et al. 2010; Wang et al. 2011) . Among them SSAP may be superior to the others with respect to the application as an aquaculture medicine, because it has bacteria selectivity to Gramnegative bacteria and high potency against water-borne fish pathogens such as A. hydrophila, A. salmonicida and P. damselae subsp. piscicida. These distinct features are almost ascribable to its bacterial cell binding ability. It is likely that SSAP selectively binds to the bacteria cells, effectively produces hydrogen peroxide near them by the oxidative reaction with the substrate and thereby potently elicits antibacterial activity.
SSAP is also characterized to have the strict substrate specificity to only L-lysine, which might be of advantage and disadvantage to its application. It would be useful to specifically analyze and measure L-lysine in research fields such as food, feed, medicine and fishery sciences, since L-lysine is an essential amino acid and is frequently the first limiting amino acid in plant protein, which has increasingly been supplied in fish feed. We developed an optical enzyme sensor for determining the L-lysine content using SSAP as an Llysine oxidase (Endo et al. 2008) . Our L-lysine oxidase sensor system was more accurate and efficient than the sensor immobilized with commercial fungal LAO from Trichoderma viride, due to high specificity of SSAP. A possible disadvantage is that SSAP is ineffective without L-lysine and so long as the substrate exists, SSAP catalyzes L-lysine to produce a-keto-e- Fig. 22 . Phylogenetic tree of LAO family proteins in animals. A phylogenetic tree was constructed using the maximum likelihood algorithm implemented in PhyML (http://www.atgc-montpellier.fr/phyml/) with an LG model, estimated gamma shape parameter and an approximate likelihood-ratio test. LAO protein sequences that were used for the phylogenetic analysis were as follows: mouse milk (accession number BAA97677), mulga snake venom (DQ088992), black-faced lancehead venom (ACG55578), bushmaster venom (AFP89360), Eastern diamondback rattlesnake venom (HQ414099), mouse B-cell (NM_010215.3), starry flounder epidermis (AB495360), chub mackerel viscera (AJ400871), rabbitfish serum (HQ540313), rockfish skin mucus SSAP (AB218876), great sculpin skin mucus (AB299273), sea hare A. punctata mucus (AJ304802), sea hare A. kurodai albumen gland (D83255), sea hare A. californica albumen gland (AY161041), sea hare A. californica ink (AY615888), sea hare A. punctata ink (AY442281) and giant African snail body mucus (X64584). Maximum likelihood values greater than 50% are indicated as percentages on the tree nodes.
doi:10.5047/absm.2015.00801.0001 © 2015 TERRAPUB, Tokyo. All rights reserved. aminocaproic acid, its derivatives, hydrogen peroxide and ammonia, which might have an adverse effect to cells.
It is unclear at present whether LAOs including SSAP are inherent in fish or induced by exposure to pathogenic organisms, although AIP, apoptosis-inducing protein, in the mackerel was reported to be induced only after infection with larval nematode A. simplex (Jung et al. 2000) . If LAOs were the induced enzyme, LAO molecule or its gene could be used as a biomarker of infection by bacteria or parasites. We observed a significant increase of LAO gene expression level in gill of Atlantic cod G. morhua by bath immersion of V. anguillarum (Kitani et al. 2015) . Therefore, LAO could be promising as a new biochemical material in the field of fish immunology and sustainable aquaculture production.
